Head-to-tail dimers of cloned DNA A and DNA B of tomato golden mosaic virus (TGMV) were integrated between the T-DNA border sequences of a broad host range binary vector and transferred into cells of Nicotiana benthamiana seedlings using an Agrobacterium tumefaciens-mediated delivery system. Most of the inoculated plants developed golden-yellow mosaic and leaf curling symptoms typical of TGMV infection. Extracts of infected leaves were shown to contain both double-stranded and single-stranded TGMV DNA forms of genome length and the virus capsid polypeptide. Infection was also achieved by inoculating plants with mixtures of Agrobacterium strains containing dimers of DNA A or DNA B, with a strain containing a partial dimer of DNA A and a dimer of DNA B and with a strain containing a dimer of DNA B and a partial dimer of DNA A with a 603 bp deletion in the coat protein gene. In the latter case, mosaic symptoms were mild and leaves did not curl. Transgenic N. tabacum cv. Samsun plants containing head-to-tail dimers of DNA A (A2 plants) or DNA B (B2 plants) were produced by transformation with Ti plasmid vectors. A2 plants and B2 plants were agroinfected with dimeric DNA B and dimeric DNA A, respectively. In both cases, symptoms typical of TGMV infection were induced and viral single-stranded DNA of both components was detected in the systemically infected tissue.
INTRODUCTION
Tomato golden mosaic virus (TGMV) is a whitefly-transmitted geminivirus (Hamilton et al., 1981 ; Buck & Courts, 1985) with a genome of two DNA components designated A and B (Bisaro et al., 1982; Hamilton et al., 1983) . There is little sequence homology between DNA A and DNA B, except for an almost identical 'common region' of about 200 bp. Six open reading frames (OREs) with the potential to encode proteins of 100 amino acids or more have been identified, four in DNA A, designated AR1, ALl, AL2 and AL3, and two in DNA B, designated BR1 and BL1, where R and L represent rightward and leftward directions with respect to the common region (Hamilton et al., 1984) . In vitro mutagenesis has shown that all these ORFs, except AR1 which encodes the coat protein (Kallender et al., 1988) , are essential for systemic infection of Nicotiana benthamiana (Brough et al., 1988) .
Monomeric clones of TGMV DNA A and B together are infectious for plants only when the viral DNA components are excised from the recombinant plasmids (Hamilton et al., 1983) . However, plants can be infected with mixtures of uncut recombinant plasmids containing tandem dimers of DNA A and DNA B, respectively, and with a single uncut recombinant plasmid containing tandem dimers of both DNA A and DNA B (Hayes et al., 1988a) . In such infections the monomeric DNA components are formed from the dimer constructs by recombination or replication and are recircularized.
Recently it has been shown that infections can result when multimers of cloned viral DNA of a number of plant viruses are introduced into plant cells using Agrobacterium tumefaciens/Ti 0000-8264 © 1988 SGM plasmid delivery systems. Infections have been achieved by two different methods. In the first method, Rogers et al. (1986) transformed petunia cells using the Agrobacterium-leaf disc procedure (Horsch et al., 1985) and obtained transgenic petunia plants in which dimers of TGMV DNA A (A2 plants) or trimers of TGMV DNA B (B3 plants) were integrated into the chromosomal DNA of every cell. DNA molecules of unit length and virus particles (Sunter et al., 1987) were produced in the A2 plants, but not in B3 plants, indicating that DNA A contains the information necessary for virus replication. However, the small numbers of unit-length DNA A molecules in A2 plants suggested that they were formed only in a proportion of cells and were unable to spread from cell to cell in the absence of DNA B. As expected from the previous observation that both DNA A and DNA B are required to infect N. benthamiana plants systemically (Hamilton et al., 1983) , a systemic infection developed only in petunia plants transgenic for both DNA components (obtained by crossing A2 and B3 plants); with this infection, unit-length DNA A molecules and unit-length DNA B molecules were produced, the former in much larger amounts than in A2 plants. In the second method, dimeric DNA of cauliflower mosaic virus (Grimsley et al., 1986) , maize streak virus (Grimsley et al., 1987; Lazarowitz, 1988) or wheat dwarf virus (Hayes et al., 1988 b) was introduced into cells of whole plants using an Agrobacterium/Ti plasmid delivery system. As the genomes of these viruses consist of a single component, monomeric DNA molecules and virus particles, formed in one or a few cells, were able to spread through the plant and establish a systemic infection. We report in this paper that, by integrating both TGMV DNA components between the right and left T-DNA border sequences of a Ti plasmid vector, we have been able to use this process, termed agroinfection, to infect plants with cloned TGMV DNA, and to demonstrate the infectivity of a coat protein deletion mutant which was not infectious by manual inoculation. We also show that transgenic plants carrying chromosomal insertions of dimers of DNA A or DNA B can be agroinfected with dimers of DNA B or DNA A, respectively.
METHODS
Virus isolation and characterization. Virus was isolated from infected plants and purified by centrifugation in 10~ to 50~ sucrose gradients by the procedure of Stein et al. (1983) . The virus samples were then assayed by immunodiffusion as described by Stein et al. (1983) , or denatured and subjected to SDS-PAGE in 12~ polyacrylamide gels (Laemmli, 1970) , followed by Western blotting, as described by Hayes et al. (1988b) .
DNA isolation and Southern blot analysis. Total DNA from freeze-dried plant tissue was prepared by the method of Lichtenstein & Draper (1985) . Electrophoresis of DNA in agarose gels and Southern blotting in alkaline or neutral conditions were as described by Hayes et al. (1988a) . Probes specific for component A and component B were those described previously (Hayes et al., 1988a) .
Plasmids and cloning. DNA manipulations were as described by Maniatis et al. (1982) unless otherwise stated. Plasmid DNA was purified from Escherichia coli by the alkaline lysis method (Birnboim & Doly, 1979) and further purified by centrifugation to equilibrium in caesium chloride density gradients containing ethidium bromide. Competent E. coli DH5~ cells (Hanahan, 1985; Jessee, 1986) were transformed with recombinant pEMBL9 (Dente et al., 1985) or pBinl9 (Bevan, 1984) plasmids.
Plasmids pBH401 and pAE contained TGMV DNA A cloned into ttie EcoRI sites of pAT153 and pEMBL9, respectively (Bisaro et al., 1982; Brough et al., 1988) . Restriction fragments for subcloning were isolated and purified from agarose gels using Geneclean according to the manufacturer's (Stratech) instructions. Recircularization of linearized DNA A was as described by Hayes et al. (1988a) .
Recombinant pBinl9 plasmids were mobilized from E. coli DH5ct cells into Agrobacterium strain PC2669 (pTiC58) (Hooykaas et al., 1980) or LBA4404 (pAL4404) (Hoekema et al., 1983) by triparental mating using E. coli strain MC 1022 containing the helper plasmid pRK2013 (Figurski & Helinski, 1979) as described by Lichtenstein & Draper (1985) . Exconjugants were selected by plating on yeast extract broth (YEB) containing kanamycin (100 Ixg/ml) and ampicillin (100 ~tg/ml), and the structures of the pBinl9 recombinants in Agrobacterium clones were verified by restriction endonuclease digestions and Southern blotting (Lichtenstein & Draper, 1985) .
Plant transformations. Leaf discs of N. tabacum cv. Samsun were transformed with Agrobacterium strain LBA4404 (pAL4404::pBin19A2) or LBA4404 (pAL4404::pBin19B2) by the method of Horsch et al. (1985) . Transformed cells were selected on a shoot-inducing medium containing kanamycin (100 ~tg/ml) and carbenicillin (500 ~tg/ml), and young shoots were transferred to root-inducing medium containing kanamycin (100 Ixg/ml) (Lichtenstein & Draper, 1985) . Integration of TGMV DNA into plant chromosomal DNA was verified by restriction endonuclease digestion and Southern blotting of plant DNA (Lichtenstein & Draper, 1985) .
Agroinfection. Agrobacterium strains were grown for 48 h at 30 °C in YEB containing suitable antibiotics (Lichtenstein & Draper, 1985) . The cells were then pelleted at 1000 g, washed with YEB and resuspended in the original volume of YEB. Nicotiana benthamiana or N. tabacum cv. Samsun plants, grown to the four to six leaf stage at 22 °C in a Fisons Fi-Totron growth cabinet with a 16 h day length, were inoculated by injecting a total of 20 ~tl of the resuspended cells (approx. 2 x 109 cells) into four sites in the stem base between 0-5 cm below the soil and 0-5 cm above the soil.
RESULTS

Construction of clones for agroinfection
Recombinant pEMBL9 plasmids containing inserts of head-to-tail dimers of TGMV DNA have been described previously (Hayes et al., 1988a) . pA2 contains a dimer of DNA A at the EcoRI site, pB2 contains a dimer of DNA B at the ClaI site and pA2B2 contains dimers of both components tandemly inserted in the EcoRI and AccI sites, respectively.
To construct a partial dimer of DNA A, a monomeric clone of DNA A at its BamHI site (pA/Bam) was obtained by excision of DNA A from plasmid pBH401 with EcoRI, separation from the vector pAT153 by gel electrophoresis, recircularization and ligation, cutting with BamHI and insertion into the BamHI site of pEMBL9. The 1664 bp BamHI-HpaI fragment of pA/Bam was then cloned between the BamHI and HincII sites of pEMBL9. The EcoRI site in the polylinker of the resultant recombinant was then destroyed by partial digestion with EcoRI, the recessed 3' ends were filled using DNA polymerase I Klenow fragment, and religated DNA was used for transformation. A recombinant clone, designated pA0.6, containing the EcoRI site in the DNA A moiety, but not in the polylinker, was identified by restriction mapping. The DNA A insert of pAE was then cloned into the EcoRI site of pA0.6 and a recombinant, designated pAl.6, with the full-length and partial length DNA A moieties joined together in the same orientation, was identified by restriction analysis.
Plasmid pAR1024E, a monomeric clone of TGMV DNA A in pEMBL9 with a 603 bp deletion between the HpaI and AsuII sites (Brough et al., 1988) , was used to construct a plasmid containing a partial dimer ofDNA A with a deletion in the coat protein gene. The TGMV DNA insert of pAR1024E was excised with EcoRI and cloned into the EcoRI site of pA0.6. A recombinant, designated pA1.6AAR1, with the two DNA A moieties in the same orientation, was identified by restriction analysis.
To construct a plasmid containing the partial DNA A dimer, together with a DNA B dimer, plasmids pA 1.6 and pB2 were digested with BgII. The fragments containing the partial DNA A dimer and the DNA B dimer, respectively, were isolated by gel electrophoresis and ligated together. After transformation, a colony containing the required plasmid, designated pA1.6B2, was identified by restriction mapping. A plasmid containing the deleted partial DNA A dimer, together with the DNA B dimer, was constructed in an analogous fashion and designated pA1.6AAR1B2.
Restriction sites in TGMV DNA components A and B, their relationship to the ORFs and the structures of the recombinant pEMBL plasmids are shown in Fig. 1 and 2 , respectively. Plasmids pA2, pB2, pA2B2, pA1.6B2 and pA1.6AAR1B2 were each digested with HindIII and the linear fragments were cloned into the HindIII site of pBinl9 to create pBinl9A2, pBinl9B2, pBinl9A2B2, pBin19A1.6B2 and pBinl9A1.6AAR1B2.
Production of transgenic plants containing dimers of TGMV DNA A or DNA B
Transgenic plants with chromosomal insertions of dimers of DNA A or DNA B were produced by transforming N. tabacum cv. Samsun with Agrobacterium strains AL4404 (pAL4404::pBin19A2) and AL4404 (pAL4404: :pBinl9B2) respectively. Transformed plants looked normal, and Southern hybridization analysis of restricted genomic DNA revealed that the transformed plants contained the inserted DNA A or DNA B components with the same structure as in the pA2 and pB2 plasmids, respectively. (Dente et al., 1985) . The lower diagram shows the structure of TGMV DNA inserts in recombinant pEMBL plasmids. The common region is shaded, the B component DNA is cross-hatched and the region of the pEMBL vector between the polylinker sequence and Clal site is shown as a broken line (not to scale 
Agroinfection and symptom development
The results of inoculation of untransformed N. benthamiana and N. tabacum plants with Agrobacterium strains containing pTiC58 together with recombinant pBinl9 plasmids are shown in Table 1 . Nearly all of the plants inoculated with an Agrobacterium strain containing pBinl9A2B2 developed the typical golden-yellow mosaic and leaf curling symptoms characteristic of TGMV infections (Hamilton et aL, 1981 ; Buck & Coutts, 1985) 5 to 10 days after inoculation although symptoms on N. tabacum were generally less pronounced than those on N. benthamiana. When N. benthamiana plants were inoculated with 10-fold serial dilutions of this Agrobacterium strain, similar numbers of plants (four or five of five plants) became infected with dilutions containing from 2 × 109 to 2 × l0 s cells, two out of five plants were infected using 2 × 104 cells and none were infected using 2 × 103 cells.
Symptoms typical of TGMV infection were also produced after inoculation either with an Agrobacterium strain containing pBinl9A1.6B2 or with a mixture of two Agrobacterium strains each containing pBinl9A2 or pBinl9B2, respectively. Several plants developed symptoms after inoculation with an Agrobacterium strain containing the plasmid pBinl9A1.6AAR 1 B2 (which contained a deleted coat protein gene sequence). However, symptoms of this infection were slower to develop than normal infections, appearing after 15 to 20 days, and were a mild mosaic with no leaf curling.
When transgenic B2 plants were inoculated with an Agrobacterium strain containing pBin 19A2 the symptoms and their development were similar to those of untransformed plants inoculated with Agrobacterium strains containing pBin19A2B2. In contrast, few transgenic A2 plants developed symptoms when inoculated with an Agrobacterium strain containing pBin19B2. However those A2 plants which became infected developed normal TGMV symptoms.
DNA forms produced during agroinfection DNA from N. benthamiana plants agroinfected using pBinl9A2B2 and pBinl9A1.6AAR1B2 was electrophoresed in an agarose gel, Southern-blotted under denaturing (alkaline) or nondenaturing (neutral) conditions and probed with D N A specific to A component, B component or both components. In the alkaline blots of D N A from plants agroinfected using pBin 19A2B2, a major band with the mobility of TGMV single-stranded D N A was detected (Fig. 3, lanes 1, 5  and non-denaturing conditions in which only single-stranded D N A binds to the membrane (Stachel et al., 1986) confirmed the nature of the single-stranded D N A species (Fig. 3, lane 3) , proving that agroinfection with dimeric clones leads to the production of genome-length single-stranded D N A of both components.
In the alkaline blots of plants agroinfected with pBin 19A1-6AAR1B2, two major bands were detected with the probe that detected A and B components; one had the mobility of full-length TGMV single-stranded D N A and a second corresponded to the 1980 nucleotide deletion mutant (Fig. 3, lane 2) . Minor bands corresponding to the open circular and supercoiled doublestranded forms of each component were also detected. The A-specific probe detected only the bands corresponding to the coat protein deletion mutant (Fig. 3, lane 6) , whereas the B-specific probe detected only the bands corresponding to the full-length TGMV D N A species (Fig. 3,  lane 8) . The identity of the single-stranded D N A species was again confirmed by the specific transfer by blotting under neutral conditions (Fig. 3, lane 4) . The amount of TGMV D N A produced 21 days after inoculation by agroinfection using pBin 19A 1.6AAR1 B2 was about onethird of that produced by agroinfection using pBinl9A2B2.
Total D N A prepared from transgenic A2 or B2 N. tabacum plants agroinfected using pBinl9B2 or pBinl9A2 respectively, and from healthy A2 or B2 plants, was electrophoresed in an agarose gel, Southern-blotted under alkaline conditions and probed with A-specific and B-specific clones. In both A2 plants and B2 plants that had been agroinfected, a major band corresponding to TGMV genomic single-stranded DNA and minor bands corresponding to the genomic open circular and supercoiled double-stranded forms were detected with both probes (Fig. 4, lanes 3, 4, 7 and 8 ). Minor bands of lower mobility may correspond to multimeric forms of TGMV DNA (Slomka et al., 1988) or to trapping of TGMV DNA by the plant genomic DNA. In DNA from the healthy A2 plant, a band corresponding to genomic TGMV singlestranded DNA was detected with the A-specific probe (Fig. 4, lane 1) , but not with the Bspecific probe (Fig. 4, lane 5) . No bands were detected in DNA from the healthy B2 plant with either probe (Fig. 4, lanes 2 and 6) . In these blots the exposure was too short to detect the TGMV DNA inserts in the plant chromosomal DNA.
Capsid protein production during agroinfection
Semi-purified and purified preparations of virus were made from N. benthamiana plants agroinfected using pBin 19A2B2 and from transgenic A2 plants and B2 plants agroinfected with pBinl9B2 and pBinl9A2, respectively. A comparable extract was also made from healthy N. benthamiana plants. The preparations were denatured by heating with SDS and 2-mercaptoethanol and subjected to SDS-PAGE through a 12~o polyacrylamide gel. When one part of the gel was stained with Coomassie Brilliant Blue a polypeptide of the same size as TGMV capsid polypeptide (Mr 28 500; Kallender et al., 1988) was detected in preparations from all the agroinfected plants but not in preparations from the healthy N. benthamiana plant (Fig. 5 , lanes 1 to 5). When the other part of the gel was Western-blotted, probed with an antiserum to TGMV virions (Stein et al., 1983) and bound antibodies detected using a Protein A-peroxidase conjugate together with 4-chloro-l-naphthol and hydrogen peroxide as described by Sherwood (1987) , the polypeptide of Mr 28 500 was clearly revealed in purified virus from all three types of agroinfected plants, confirming its identity as the TGMV capsid polypeptide (Fig. 5 , lanes 6 to 8); no polypeptide of this size was detected after Western blotting of equivalent material from healthy plants (not shown). DISCUSSION We have shown that agroinfection is a very efficient method of introducing TGMV DNA into plants and establishing a systemic infection. Whereas 5 gg of pA2B2 was required to infect N. benthamiana plants reliably by manual inoculation (Hayes et al., 1988a) , only approx. 10 s Agrobacterium cells containing pBinl9A2B2 (equivalent to 10 -6 to l0 -7 gg of TGMV DNA, assuming a pBinl9 copy number of 1 to 10) were necessary for agroinfection, although some bacterial multiplication may have occurred after inoculation. Agroinfection was also achieved with mixtures of Agrobacterium strains containing, separately, pBinl9A2 or pBinl9B2. This implies cotransformation of the same cell by the two Agrobacterium strains. The absence of infection induced by Agrobacterium strains containing only pBinl9A2 or pBin!9B2 is in agreement with a previous investigation using manual inoculation that both components are needed to initiate a systemic infection (Hamilton et al., 1983) .
As in infections initiated by manual inoculation with pA2B2, genome-length TGMV DNA forms are generated during agroinfection. Whether this occurs as a result of intramolecular recombination between repeated sequences in the dimeric TGMV DNA or by a replicative mechanism is not known, pBin 19A 1-6B2, which contained 1-6 monomer units of A component, was infective and therefore a complete dimer of A component is not required for agroinfection. However, this construct retains two copies of the common region, postulated to contain an origin of replication for TGMV DNA (Hamilton et al., 1984) and, therefore, a replicative mechanism for generation of unit-length molecules cannot be eliminated. It is also not yet established whether integration of TGMV DNA into the plant chromosomal DNA occurred during agroinfection. In principle, only one plant cell needs to be agroinfected to initiate a systemic infection of the plant and therefore it is difficult to determine whether integration occurs.
It is noteworthy that, as in transgenic A2 petunia plants (Rogers et al., 1986) , unit-length DNA A molecules were detected in transgenic A2 N. tabacum plants, but in much smaller amounts than in the same plants agroinfected with pBinB2. The absence of symptoms in A2 petunia and N. tabacum plants may be because the B component encodes functions essential for symptom development, as suggested by Rogers et al. (1986) , or may possibly be due to the low number of copies of freely replicating DNA molecules. It is possible that excision of genomelength molecules from the chromosomal DNA in the transgenic A2 plants occurs in only a proportion of cells and/or that a product of one of the B component ORFs is required to increase the number of copies. A low proportion of cells with freely replicating DNA A molecules could explain the low proportion of transgenic A2 plants that were agroinfected using pBinl9B2. Successful agroinfection may require the B dimer to be delivered into cells already containing replicating A molecules. In contrast, delivery of A dimers into cells of a transgenic B2 plant, followed by excision and replication of unit-length A molecules, might stimulate release of unitlength B molecules by a replicative mechanism. These observations therefore favour a replicative release of unit-length molecules from the dimer constructs.
Successful agroinfection with pBinl9A1.6AAR1B2, which has a 603 bp deletion in the coat protein gene, is consistent with previous investigations with mutants of African cassava mosaic virus (cassava latent virus) (Stanley & Townsend, 1986) and TGMV (Brough et al., 1988) which showed that the coat protein is not necessary for systemic infection. However, this is the first demonstration of the infectivity of a mutant in which most of the coat protein gene has been deleted. Fewer plants were agroinfected with this construct than with pBinl9A2B2, less viral DNA was produced and the symptoms induced were much milder. It is of interest to note that pAR1024X, which contains the same deletion in the coat protein gene as does pBinl9A-1.6AAR1B2, did not induce a systemic infection in N. benthamiana plants following manual inoculation together with pBC (Brough et al., 1988) . This confirms the greater efficiency of agroinfection compared to manual inoculation with cloned DNA and shows that mutants of reduced infectivity, which are below the threshold of infectivity by manual inoculation, can still induce infections by the agroinfection method. It has been suggested that high copy number, replicating plant gene expression vectors could be constructed based on geminivirus replicons (Buck & Courts, 1983; Courts et al., 1987) and that the coat protein gene is the best candidate for replacement since a functional copy of this gene is not required (Brough et al., 1988) . The results presented suggest that agroinfection would be the best method of delivering such vectors into plant cells.
